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hypertonic saline; interleukin-1␤; acidosis; magnocellular neurons; c-Fos MICRODIALYSIS OF BRAIN NUCLEAR sites is used widely to monitor endogenous neural activity (28) and, more selectively, the central release of oxytocin and vasopressin from dendrites and somas of magnocellular neurons in the supraoptic nucleus (SON) spatially separated from their axon terminals in the neural lobe (68, 73) . Using this method in conscious rats, we found previously that basal release of interleukin-1␤ (IL-1␤) into dialysates (121) of the SON area increased in response to osmotic stimulation (106) . Originally, the present immunohistochemical study was designed to identify local cellular sources of the cytokine (IL-1␤ ϩ ) and its biologic targets expressing the IL-1 type 1 receptor (IL-1R; 101) and having cyclooxygenase (COX-2) (65) or c-Fos induced by the cytokine (32, 60, 62) . Our attention, however, widened to include the brain's innate immune response when our microdialysis studies showed activation of microglia in the SON (106) .
Like other tissues, an innate immune system in the brain responds to injury, protecting against infection and repairing damage in an effort to restore function (74, 87) . Largely excluded from circulating blood cells and the peripheral immune system, the brain relies on glia and ependymal cells behind the blood-brain-barrier to resolve tissue damage, remove debris and contain invading pathogens while providing neurotrophic factors for cellular repair (74, 87) . Typically, there is a graded response to neural injury involving local activation of microglia, astroglia and perivascular macrophages surrounding the lesion with recruitment of circulating leukocytes and extension of responding cells into the parenchyma, choroid plexi, and ependyma lining the cerebroventricles (59, 87) . Activated microglia release IL-1␤, an important mediator of the brain's immune response and its associated inflammation (87) . Interacting locally and after diffusing to the cerebroventricular system, IL-1␤ reaches distant target cells, expressing IL-1Rs in circumventricular organs of the forebrain (subfornical organ, SFO; organum vasculosum lamina terminalis, OVLT) (27, 61) , the choroid plexus, ependyma, and brain parenchyma (33, 60, 86) , including magnocellular and parvocellular neuroendocrine systems (16, 17, 29, 37, 38) . The resulting coordinated stimulation of autonomic, behavioral, and neuroendocrine responses provides appropriate feedback dampening of the brain's innate immune response that protects from further neuropathology, while promoting healing and restored function. The brain's innate immune response may be affected by osmotic stimulation. The same circumventricular organs and lamina terminalis structures responsive to IL-1␤ (i.e., OVLT, SFO), also monitor elevations in circulating sodium and tonicity then activate magnocellular neurons in the SON and paraventricular nuclei (PVN) to release vasopressin and oxytocin necessary for salt-water homeostasis (10, 46, 51) . Moreover, magnocellular neurons themselves express both IL-1␤ (118) and IL-1R (and IL-1R antagonist, IL-1ra; 29), with autocrine activation dependent on cyclooxygenase (COX), PGE 2 and its type 4 receptor subtype to upregulate nonselective cation conductance necessary for osmoreception (16) . These components of the interleukin system in magnocellular neurons respond to peripheral osmotic stimulation, with IL-1␤ in the neural lobe codepleting with oxytocin and vasopressin during chronic salt loading (105, 118) , correspondent with enhanced expression of IL-1R (117) and central release of cytokine in the SON area after acute osmotic stimulation (106) .
To investigate an osmotic interaction affecting the innate immune response, conscious rats were microdialyzed in the SON area with sterile perfusion fluid followed by injection of hypertonic saline (HS; 1.5 M NaCl sc) known to activate cells in the SFO, OVLT and magnocellular nuclei (SON, PVN; 89) with release of IL-1␤ (106) , oxytocin and vasopressin in the SON (68, 73,) . Although using commercially available sterile perfusion fluid recommended by CMA Microdialysis, its low pH (5.78) without bicarbonate buffer, when dialyzed for 6 h, likely activated the innate immune response. Acidosis is a major factor spreading brain damage following ischemia and traumatic head injury in humans. Resulting from failure to maintain cellular ATP levels with loss of membrane integrity, the induced ionic imbalances produce metabolic acids that decrease both intracellular and extracellular pH adjacent to the cerebral infarct (100) and the traumatized brain (23) . To our knowledge, this is the first report showing activation of the brain's innate immune response by microdialyzing an acidic perfusion fluid in the SON area, thereby identifying a new animal model for probing the pathophysiology and recovery from acidosis following injury by stroke and trauma.
MATERIALS AND METHODS
The protocol for the studies reported was approved by our Institutional Animal Care and Use Committee. The studies were performed in accordance with the Guide for the Care and Use of Laboratory Animals as published by the National Research Council (1996 edition) and guidelines from The Penn State College of Medicine.
Microdialysis of the SON Area
Adult male Sprague Dawley rats (300 -400 g) were anesthetized with pentobarbital sodium (40 mg/kg ip) supplemented with ketamine (100 mg/kg im). A guide cannula was stereotaxically implanted with its tip ϳ2 mm above the SON in the left hemisphere (AP, 0.97 mm; L, 1.83 mm; D, 7.15 mm; flat skull), according to Pellegrino et al. (80) . Six or seven days after surgery, animals were weighed, briefly anesthetized (halothane/oxygen mixture) and a microdialysis probe (CMA-12; polyethersylphone; 100,000 Dalton pore) inserted with the tip of its 2-mm membrane extended into the SON area with, or without (Probe) microdialysis. Gas-sterilized syringes and tubing connected the probe to a CMA pump that continuously dialyzed (2 l/min) sterile perfusion fluid (CMA; perfusion fluid CNS lot no. P000151; mmol/l: 147 NaCl, 2.7 KCl, 1.2 CaCl 2, 0.85 MgCl2; pH 5.78) through the system for 6 h with hypertonic saline (HS; 1.5 M NaCl; 15 ml/kg) injected subcutaneously at 5 h (Fig. 1 ). One hour later (i.e., 360 min), animals were anesthetized with pentobarbital sodium (100 mg/kg ip) before fixing the brain, in situ.
Tissue Fixation and Processing for Immunohistochemistry
After the animals were deeply anesthetized, 0.9% saline (1 min, 50 -100 ml) followed by 4% paraformaldehyde in 0.1M PBS (pH 7.4, 15 min, 500 ml) was perfused via gravity flow through the ascending aorta with the jugular vein severed. The brain was removed from the skull and immersed in the same fixative for 7 h at 4°C, with careful attention to treat all the tissues identically. Following fixation, the tissue was stored at 4°C in a solution of 0.1 M PBS (pH 7.4) containing 20% sucrose that was replaced after 12 h of immersion then sent to FD Neurotechnologies (Ellicott City, MD) for sectioning and immunohistochemistry. The slides were returned for qualitative and quantitative analyses.
Frozen-fixed tissues were sectioned (30 m) with a cryostat and collected in multiple series of 6 per group through the SON, beginning near the bregma (AP, 0.4 mm) and ending just after the PVN (AP, 2.0 mm from bregma; 80). Serial sections were stained with Nissl (1st) or processed for immunohistochemistry to detect microglia (2nd; OX-42; rat microglial membrane domain homologous to human complement receptor type 3 antigen; 91), IL-1␤ (3rd) and its biologic receptor, IL-1R (4th), expression of the intermediate early gene, c-fos (5th; c-Fos) induced by IL-1␤ in neurons indicative of cellular activation (32, 60, 62) , and COX-2 (6th), a target enzyme induced by IL-1␤ interacting with its IL-1R on endothelial cells (14) . Approximately 17 total tissue sections were analyzed per antigen with 3-5 rats per treatment group, i.e., unoperated controls, probe insertion and microdialysis with, or without, HS.
Immunohistochemistry
Tissues were processed for immunohistochemistry using antibodies for OX-42 (CEDARLANE, CL042AP, CL042AP-2; monoclonal antibody 1: 20,000 dilution); IL-1␤ (AF-501-NA; goat polyclonal anti E. coli-derived recombinate rat IL-1␤; 1:1,000 dilution; R&D Systems, Minneapolis, MN); IL-1R [IL-1RI (M-20): SC-689; rabbit polyclonal anti amino acids 1126 -1144 conjugated to keyhole limpet hemocyanin; 1:1,000 dilution, Santa Cruz Biotechnology, Santa Cruz, CA]; c-Fos (rabbit anti-c-fos polyclonal antibody, sc-52; 1:2,000 dilution; Santa Cruz Biotechnology) and COX-2 (sc-1747; goat polyclonal IgG; epitope C-terminus of COX-2 mouse origin; 1:2,000; Santa Cruz Biotechnology). Specificity of the reaction product was evaluated by omitting the primary or secondary antibody or, when commercially available, by preabsorption with the peptide antigen used to raise the antibody (IL-1R: sc 651 P; COX-2: sc-1747P). Distribution of astroglia in the SON was visualized using tissue sections from another study treated with antibody to glial fibrillary acidic protein (GFAP; rabbit anti-GFAP polyclonal antibody, Z0334; 1:18,000 dilution; DAKO, Glostrup, Denmark). Microglia, cells essential for the brain's innate immune response and a source of IL-1␤ when activated (74) , were detected in resting, hypertrophied, and amoeboid forms expressing complement receptor iC3b (OX-42 ϩ ; 91). Circulating or infiltrating macrophages and neutrophils involved in the immune response were also immunoreactive and detectable (91) .
Initially, endogenous peroxidase was inactivated with hydrogen peroxidase, and then tissue sections were incubated free-floating in 0.01 M PBS containing 1% normal horse (OX-42; IL-1␤; COX-2) or donkey (IL-1R; GFAP; c-Fos) serum (Vector Laboratories, Burlingame, CA), 0.3% Triton X-100 (Sigma, St. Louis, MO) and the primary antibody for 3 days at 4°C. Subsequently, the immunoreactive product was visualized using the avidin-biotin complex method (48) (Vectastin elite ABC kit; Vector Laboratories). Sections were incubated at room temperature in PBS containing biotinylated horse anti-mouse or donkey anti-rabbit IgG, Triton-X and normal blocking serum for 1 h then avidin-biotinylated horseradish peroxidase complex for another hour, followed by incubation for 10 min in 0.05 M Tris buffer (pH 7.2) containing 0.03% 3Ј,3Ј-diaminobenzidine (Sigma) and 0.0075% H2O2. Each step was followed by washes in PBS. After thorough rinses in distilled water, sections were mounted on slides, dehydrated in ethanol, cleared in xylene, and coverslipped in Permount (Fisher Scientific, Fair Lawn, NJ). Fig. 1 . Seven days after implanting the guide cannula, animals were lightly anesthetized for several minutes with a halothane/O2 mixture to insert the probe (CMA Microdialysis) (12) into the supraoptic nucleus (SON) area. Treatment groups included insertion of the probe for 6 h without dialysis (Probe), continuous dialysis (2 l) with commercially available sterile perfusion fluid (CMA) for 6 h with (hypertonic saline, HS) or without [microdialysis (MD)] osmotic stimulation by injecting subcutaneously (15 ml/kg body wt) HS (1.5 M NaCl). One hour later, animals were anesthetized with pentobarbital sodium, and the brain was fixed in situ for immunohistochemical evaluation.
Determining Qualitative Changes in Cellular Patterns of Immunoreactive OX-42, IL-1␤, IL-1R, COX-2, and c-Fos
Qualitative changes in distribution patterns of antigens were compared with magnocellular neurons (Nissl) and microglia (OX-42 ϩ ) to define the cells affected and whether attributable to the probe (unoperated controls vs. probe), microdialysis (probe vs. microdialysis) or osmotic stimulation (microdialysis vs. microdialysis ϩ HS). The osmoregulatory complex in the forebrain (SFO, MePO), magnocellular (SON, PVN) and parvocellular nuclei (PVN), periventricular hypothalamus, ependymal cells of the third cerebroventricle and blood vessels of the parenchyma (SON, PVN) were evaluated without knowledge of the treatment using a light microscope (Leica DMLB2) equipped with PAX-IT image software. Brain regions were identified using the atlas of the rat brain by Pellegrino et al. (80) .
Quantitative Changes in Cells Expressing c-Fos in the SON After Osmotic Stimulation

c-Fos
ϩ cells in the SON in both hemispheres were counted according to the disector method (6) then expressed as density (total/tissue Ϭ area of SON ϫ tissue thickness) and summed for each rat. Comparing data from the treatment groups (n ϭ 3-5 rats/treatment) by one-way ANOVA and Tukey t-test identified osmotic activation of magnocellular neurons.
Effects of Osmotic Stimulation on Plasma Levels of IL-B, Oxytocin, and Vasopressin
To determine the time course of changes in circulating IL-1␤ and neurohypophyseal hormones after osmotic stimulation, unoperated male rats (Sprague Dawley; 325-350 g body wt) were injected with HS subcutaneously and decapitated 15, 30, 60, or 120 min later. Plasma levels of IL-1␤ (ELISA; R&D Systems), oxytocin and vasopressin (RIA), osmolality (freezing point depression; Micro Osmette, Natick, MA) and [Na ϩ ] (Ion Select Probe; Thermo Electron , Beverly, MA) were quantified.
IL-1␤. Cytokine in 50 l aliquots of plasma was measured by ELISA (Quantikine; Rat IL-1␤ kit; cat. no. RLB00; R&D Systems) with a sensitivity of 6.9 pg/ml and an intra-assay coefficient of variation averaging 1.57 Ϯ 1.0%. After thawing, plasma samples were centrifuged for 30 min at ϳ2,000 g and diluted 3-fold in calibrator buffer (Calibrator Diluent RD5Y) before assay. Although the primary antibody does not cross-react with recombinant rat IL-1␣ or numerous other cytokines at 50 ng/ml (R&D Systems), it can detect unprocessed IL-1␤ precursor (30) .
Oxytocin. After extraction from plasma (87.5% recovery), oxytocin was quantified by radioimmunoassay (52) , with a sensitivity of 1.6 pg/tube and an average coefficient of intra-assay variation of 4.9 Ϯ 1.1%. The polyclonal antibody raised in the rabbit to synthetic oxytocin and validated physiologically, cross-reacted Ͻ0.01% with VP and Ͻ0.1% with [Arg 8 ]-vasotocin. Vasopressin. After extraction from plasma (79.4% recovery), vasopressin was quantified by radioimmunoassay (53) with a sensitivity of 1.4 pg/tube and an average coefficient of intra-assay variation of 6.4 Ϯ 0.7%. The polyclonal antibody was raised in the rabbit to synthetic vasopressin and cross-reacted Ͻ0.01% with oxytocin and [Arg 8 ]-vasotocin.
Statistics Quantification of cells expressing c-Fos in the SON. Increased numbers of c-Fos
ϩ cells in the SON after HS were determined by comparison with microdialyzed animals by 1-way analysis of variance with Tukey t-test.
Plasma data. Data for osmolality, IL-1␤, oxytocin and vasopressin (uncorrected for recovery) were transformed logarithmically then analyzed by one-way analysis of variance with a multiple-range statistic test (Tukey t or Fisher's least significant difference) used to define changes with time after HS. Correlations of incremental changes in plasma levels of IL-1␤ with each neurohypophyseal hormone and of oxytocin with vasopressin were analyzed by least squares linear regression analysis.
RESULTS
Patterns of Immunoreactivity for OX-42, IL-1␤, IL-1R, and COX-2 in the SON of Control Rats
Quiescent ramified microglia (OX-42 ϩ ; 91) were interspersed throughout the SON (2, 69), with magnocellular neurons bordered and separated by protoplasmic astroglia and the processes of glia in the ventral glia limitans (GFAP ϩ ; Fig. 2 ) (44) . IL-1␤ was evident in magnocellular neurons as described previously (118), with immunoreactive IL-1Rs, recognized to mediate the biologic actions of the cytokine (101), distributed more homogenously throughout the SON (Fig. 2) (29) . Immunoreactive COX-2, confirmed in magnocellular neurons by peptide preabsorption (Fig. 2) , was less intense than its constitutive expression in the hippocampus and basolateral amygdala. The ventral regions of the glia limitans (and meninges) expressed IL-1␤ with fibrous projections dorsally through the SON similar to distributions of GFAP and ciliary neurotrophic factor (116) , consistent with expression in astrocytes (7). Similarly, immunoreactive IL-1R was present in the meninges (and ventral glia limitans; Fig. 2 ), corresponding with its mRNA observed by others (33) . There was, however, in unoperated rats, minimal to no expression of IL-1␤, IL-1R, and COX-2 in cells of the vascular, perivascular, periventricular, or ependymal regions.
Insertion of the Probe and Osmotic Stimulation with HS Activated Forebrain Osmoregulatory Structures and Magnocellular Neurons Bilaterally in the SON and PVN to Express c-Fos
Occasionally, in unoperated animals there were small numbers of c-Fos ϩ cells in the SFO and MePO, as observed by others (112) ( Fig. 3 ; Control). These forebrain structures responsive to IL-1␤ and osmosensitive (62, 76) , apparently stimulated a few magnocellular neurons to express c-Fos via bilateral projections to the SON and PVN ( Fig. 3) (8, 93) . Insertion of the probe with, or without, microdialysis augmented this response in the dorsal and ventral MePO coincident with increased numbers of magnocellular neurons expressing c-Fos that distributed topographically in the PVN and SON similar to oxytocinergic neurons (25) that are also selectively activated by IL-1␤ administered peripherally (25) and intracerebroventricularly ( Fig. 3) (17, 124) . Since the trajectory of the guide cannula and probe was nearby, neurons in the MePO may be responding to IL-1␤ released locally by the injury (121) . Brainstem regions projecting to the magnocellular and parvocellular PVN were not monitored (66), therefore it is not known whether combined activation of the magnocellular neuroendocrine system and hypothalamo-pituitary-adrenal axis (HPA) involved pathways other than from forebrain periventricular structures (63) . Regardless, stimulation by the probe and guide cannula was sufficient to induce c-Fos, despite the rats sleeping and without apparent stress.
After HS, cells were recruited to express c-Fos in the MePO and in an annular distribution in the SFO coincident with greater numbers of magnocellular neurons responding throughout the SON and PVN indicative of both vasopressinergic and oxytocinergic neurons (Fig. 3) (25, 83, 97) . Similarly, cells in the medial region of the PVN were stimulated to express c-Fos by inserting the probe, with greater numbers responding after HS consistent with co-simulation of the magnocellular and parvocellular neuroendocrine systems (Fig. 3) (25, 97) .
Microdialysis of the SON Area Activates Microglia in the SON near the Probe and Bilaterally in the PVN, Periventricular Hypothalamus and Ependyma Consistent with an Innate Immune Response
Inconsistent responses to microdialysis. In several of the 5 rats dialyzed without injection of HS, c-Fos was induced selectively in ependymal cells of the lateral ventricle penetrated by the probe, but not on the contralateral side. In 1 animal, round-shaped cells presumed to be infiltrating macrophages (OX-42 ϩ ; IL-1␤ ϩ ) appeared to stream into the SON area from around the probe and subarachnoid space (data not shown).
General microglial response to microdialysis. In a majority of animals (4/5 rats total), dialysis of sterile, but acidic, perfusion fluid from CMA in the SON area for 6 h activated microglia in a pattern spreading outward along the vertical length of the 2-mm dialysis membrane with brain areas affected locally, as well as bilaterally some distance from the probe. These responses differed in intensity and the brain areas affected from the more localized glial response to injury from the guide cannula and probe. Structures with consistent microglial responses to microdialysis included tissue surrounding the probe, including the adjacent SON, the periventricular hypothalamus, and PVN bilaterally and ependyma lining the third cerebroventricular system (Figs. 4 -6) .
Responses of cells in the SON, PVN, and periventricular hypothalamus to microdialysis. An ipsilateral response was observed in the SON where many OX-42 ϩ cells appeared hypertrophied and amoeboid with fewer ramified cells adjacent to the probe ( Fig. 4 ; Microdialysis), but not in the contralateral nucleus (5/5 rats total; data not shown). IL-␤ was induced in many of these activated microglia (OX-42 ϩ cells) with expression of IL-1R in "patches" throughout the SON and COX-2 localized predominantly perivascularly and in blood vessels distributed similar to endothelial cells (Fig. 4) (14) . In the PVN of dialyzed animals, OX-42 ϩ cells resembling hypertrophied and amoeboid microglia (2), expressed IL-1␤ with a bilateral distribution in the parenchyma and around blood vessels of both parvocellular and magnocellular divisions (Fig. 5 ) (108) extending anterior and posterior throughout the periventricular hypothalamus, a neuroendocrine nucleus with known involvement in the stress response (18) . Immunoreactive cells having enhanced expression of cytokine, IL-1R and COX-2 concentrated in the parenchyma around blood vessels in the PVN were presumed microglia and/or astroglia responding to microdialysis (Fig. 5) (14) . These cellular changes, however, were not present in unoperated animals (n ϭ 4) or in 2 of 3 rats with only the probe inserted (Figs. 4 and 5) . Behaviorally, during dialysis, rats were sleeping much of the time, with some indication of pain or stress briefly following injection with HS.
Ependymal response to microdialysis. In control animals and those having the probe inserted without dialysis, OX-42 ϩ cells and their processes characteristic of ramified microglia were interspersed in, and just beneath, the ependyma lining, with some expressing IL-1␤ as observed by others (71) (Fig. 6 ). Ependymal cells, however, expressed COX-2 and IL-1R more homogeneously with a distribution unlike the more clustered microglia/ glia immunoreactive for OX-42 and IL-1␤ (Fig. 6) . Following microdialysis of the SON area, ramified OX-42 ϩ cells beneath, and within, the ependyma decreased with enhanced hypertrophied and amoeboid forms similar to cells expressing immunoreactive IL-1␤ and COX-2 (Fig. 6) . Coincident with these changes, dialysis induced c-Fos expression homogeneously throughout ependymal cells lining the cerebroventricle, seemingly replacing COX-2 expression in these cells of control and probe-treated animals (Fig. 6) .
Peripheral Osmotic Stimulation Activates Magnocellular Neurons via Pathways from the Lamina Terminalis and Diminishes Microglial and Inflammatory Responses in Perivascular-Vascular Regions of the SON, PVN, and Ependyma Associated with Microdialysis of the SON Area
HS activates forebrain osmoregulatory pathways and the magnocellular and parvocellular neuroendocrine systems. Acute osmotic stimulation activated forebrain osmoregulatory pathways as the number of cells expressing c-Fos increased in the dorsal and ventral MePO with cells recruited in the dorsolateral region of the SFO, as observed by others in rats under "basal" conditions without microdialysis (Fig. 3) (76) . As expected, greater numbers of cells express- Fig. 3 . Osmotic stimulation activates magnocellular neurons with expression of c-Fos in the supraoptic (SON) and paraventricular (PVN) nuclei via neural pathways from the subfornical organ (SFO), and median preoptic nucleus (MePO; 76). Rats were untreated (Controls) or had a guide cannula stereotaxically implanted 2 mm above the SON at 7 days before insertion of the probe (Probe) or being microdialized with sterile perfusion fluid (2 l/min) continuously for 6 h (Microdialysis) with, or without, subcutaneous injection of hypertonic saline (Microdialysis ϩ HS; 1.5 M NaCl; 15 ml/kg body wt) at 1 h before anesthesia (pentobarbital sodium; 100 mg/kg ip) and fixation of the brain, in situ. Sequential tissue sections through the hypothalamus were stained with Nissl (1st) or treated for immunohistochemistry using antiserum for complement-3 receptor (2nd; OX-42; marker of microglia), interleukin-1␤ (3rd; IL-1␤), interleukin-1 receptor type 1 (4th; IL-1R), expression of the intermediate early gene c-fos (5th; c-Fos protein; Fig. 3 ) and inducible cyclooxygenase (6th; COX-2). Additional immunohistochemical data from these animals are presented in Figs. 4 -6 . Magnification ϫ200.
ing c-Fos were evident throughout the SON (P Ͻ 0.05; Control, Probe, MD Ͻ MD ϩ HS; Tables 1 and 2 ) and PVN (Fig. 3) , indicative of both magnocellular and parvocellular neuroendocrine responses, likely stimulated directly via monosynaptic connections from osmosensitive neurons activated in the lamina terminalis (93) .
HS reduces or prevents microglial and perivascular responses to microdialysis. The peripheral osmotic stimulus attenuated dialysis-induced activation of local microglia as evidenced by fewer amoeboid OX-42 ϩ cells and those expressing IL-1␤ and COX-2 in the SON near the probe (Fig. 4) , throughout the parenchyma and concentrated around blood vessels in the PVN and periventricular hypothalamus (Fig. 5 ) and adjacent to, or within, the ependyma (Fig. 6) . Likewise, cells around blood vessels expressing IL-1R in the PVN were fewer after HS compared with dialyzed animals (Fig.  5) . In the SON, cells immunoreactive for cytokine receptor appeared more homogeneous throughout the nucleus with prominence in magnocellular neurons after HS (Fig. 4) . Changes in ependymal cells induced by microdialysis were partially reversed by the osmotic stimulus, i.e., COX-2 expression was restored but induction of c-Fos remained unaltered by HS (Fig. 6 ). This reduction in the brain's innate immune response to microdialysis of the acidic sterile perfusion fluid in the SON area was observed in 3 of 4 rats receiving HS during dialysis.
Albeit with a different protocol, but under "basal" conditions without surgery or microdialysis, responsive microglia in the SON transition to hypertrophied and amoeboid forms after prolonged osmotic stimulation by salt-loading (2). An indirect action of HS to induce COX-2 expression in the cerebral circulation is also possible if increased circulating IL-1␤ mimicked effects of intravenously administered cytokine. After an extensive literature search, however, no publication was found identifying HS, or osmotic stimulation, per se, as affecting IL-1Rs or inducing general stimulation (or inhibition) of the brain's innate immune response.
Circulating IL-1␤, Oxytocin, and Vasopressin Increase in Response to Peripheral Osmotic Stimulation in Unoperated Rats
In unoperated rats given HS subcutaneously, plasma osmolality increased 15 min later, reached a peak at 60 min, and remained elevated at 120 min (Fig. 7) . Coincidently, both neurohypophyseal hormones were elevated at 15, 30, 60 and 120 min, with oxytocin peaking earlier (15-30 min) than vasopressin (60 to 120 min; Fig.  7 ). Circulating IL-␤ also increased, but with a delayed onset (i.e., 30 min) and maximal response at 60 min, returning to basal levels after 120 min despite the ongoing osmotic stimulus (Fig. 7) . In response to HS, there was no apparent linear correlation between circulating levels of cytokine and oxytocin (r 2 ϭ 0.04) and vasopressin (r 2 ϭ 0.10) or between plasma levels of neurohypophyseal hormones (r 2 ϭ 0.23). Unpublished data from our laboratory using a nearly identical microdialysis protocol as in the present studies resulted in similar responses. In conscious female rats microdialyzed in the SON area for 210 min, HS produced the expected increases (P Ͻ 0.05; virgin vs. virgin MD ϩ HS) in plasma osmolality (mOsmol/kg water Ϯ SE; 302 Ϯ 1.2, n ϭ 7 vs. 324 Ϯ 0, n ϭ 2) and circulating levels (pg/ml Ϯ SE) of vasopressin (1.5 Ϯ 0.52, n ϭ 7 vs. 14.1 Ϯ 1.91, n ϭ 3) and oxytocin (7.9 Ϯ 0.92, n ϭ 7 vs. 64.7 Ϯ 13.82, n ϭ 5) at 90 min after injection. The rise in circulating IL-1␤ (pg/ml Ϯ SE) in these same animals, however, did not reach statistical significance (P Ͼ 0.05) after the osmotic stimulus (45.7 Ϯ 2.45, n ϭ 7 vs. 54.8 Ϯ 5.91, n ϭ 5), presumably because of the higher basal level in female animals compared with the male rats used in the present HS study of plasma hormone levels (8.6 Ϯ 0.6, n ϭ 9).
DISCUSSION
Microdialysis of commercially available sterile acidic perfusion fluid in the SON area for 6 h activated the brain's innate immune system of conscious rats. Importantly, neither surgery, nor tissue injury by the guide cannula and probe (121) caused this widespread activation involving microglia, astrocytes, ependymal cells and the vascular system (74). Nonsterility is an unlikely explanation since the observed microglial activation related to microdialysis and not to injury, or possible infectious contamination, from the probe and guide cannula. Moreover, the blood-brain barrier is sealed early following probe injury, making less tenable the hypothesis that cytokines circulating in the blood stream mediated the brain's innate immune response (3). Several characteristics of the CMA perfusion fluid, however, likely contributed, specifically its low pH of 5.78 combined with a lack of bicarbonate buffer and glucose.
Activation of the Brain's Innate Immune Response by Microdialysis of Acidic Perfusion Fluid Resembles Responses to Neural Ischemia and IL-1␤ Administered into the Cerebroventricular System
It is proposed that continuous dialysis of the acidic perfusion fluid for 6 h mimicked, or possibly elicited, neural damage by lowering the pH of extracellular fluid. When local buffering mechanisms were overcome, microglia became activated (22, 56) , as happens following neural ischemia and injury (99) . In these situations, early events mediated by Toll-like receptors on microglia activate signal transduction pathways, enhancing transcription and release of IL-1␤, TNF-␣ (74), and IL-6 with diffusion into ventricular CSF (121) and graded neuroglial activation progressing to sentinel borders and the parenchyma (Fig. 4) , except that they occurred in the PVN of both cerebral hemispheres. Microglial changes indicative of the innate immune response were attenuated 60 min after osmotic stimulation (HS; 1.5 M NaCl; 15 ml/kg sc; MD ϩ HS). Additional immunohistochemical data from these animals are presented in Figs. 3 (c-Fos) , 4 (SON), and 6 (ependyma) with details of the method found in Fig.  3 . Magnification ϫ200. (87) . Similarly, in our studies, microdialysis activated microglia emanating from the probe, extending to the nearby SON and bilaterally throughout the periventricular hypothalamus, PVN, and ependyma. At these sites, hypertrophied and amoeboid microglia (and possibly macrophages), expressing IL-1␤ and COX-2, were distributed in, and around, blood vessels (41) and among ependymal cells (13, 71) with targeted endotheliallike cells of the cerebrovascular system expressing COX-2 (14) . Release of IL-1␤ from activated microglia nearby, would be expected to activate magnocellular neurons expressing IL1Rs (i.e., c-Fos ϩ ) (29) by a mechanism dependent on COX (PVN) or PGE 2 interaction with its EP 4 subtype (SON) that upregulates nonselective cationic conductance associated with osmoreception (16, 38) .
Ependymal cells also responded to microdialysis indicative of brain injury and IL-1␤ activation. Expression of c-Fos in these cells likely resulted from injury related to dialysis as c-fos mRNA and its immunoreactive protein are induced within hours of trauma or ischemia to the brain (31, 120) . This immediate early gene response may involve IL-1␤, as microglia activated by dialysis have their processes immunoreactive for IL-1␤ (and COX-2) interspersed among ependymal cells expressing IL-1Rs (Fig. 6) (33, 39, 123) , supporting a local paracrine induction of c-Fos (125) . Although IL-1␤ activates neurons (16, 38) and induces c-Fos (126) , to our knowledge, this has not been documented in cultured ependymal cells, in vitro, but only after intracerebroventricular (86, 94) and not peripheral administration of the cytokine, in vivo (32, 33, 95 ). An indirect action of IL-1␤ involving IL-6 is possible since ependymal cells are both a source, and target for this cytokine (96) to induce c-Fos (112) and inhibit its own JAK/STAT signaling and action by inducing the suppressor of cytokine signaling-3 (SOCS-3) (67). Similar to the febrile response, an ependymal effect of IL-1␤ likely involves an interaction (15) or dependence on IL-6 (78), with its inhibitory feed-back control in the ependyma limiting further cytokine action and protecting, or signaling injury from microdialysis to more distant brain areas (26) . The COX-2 response in microglia interspersed in the ependyma and in vascular endothelial-like cells is indicative of inflammation from microdialysis-induced cellular injury. Prostenoid products from these cells could be transported via specialized carriers in ependymal cells (57) into ventricular CSF, providing access to more distant cellular Osmotic stimulation during microdialysis of the supraoptic nuclear area activates magnocellular neurons to express c-Fos. Rats were untreated (controls) or had a guide cannula stereotaxically positioned 7 days before insertion of the probe into the supraoptic nucleus (SON) area with, or without, microdialysis of sterile perfusion fluid (2 l/min; CMA) continuously for 6 h (MD). Dialyzed rats were injected subcutaneously (s.c.) with hypertonic saline (HS; 1.5 M NaCl; 15 ml/kg) at 1 h before anesthesia (pentobarbital sodium; 100 mg/kg ip) and fixation of the brain, in situ (Figure 1 ). The number of FOS ϩ cells in the supraoptic nuclei of the left (Figure 3 ) and right cerebral hemispheres were quantified using the optical disector method (6) and then expressed as density (total/tissue Ϭ area of SON ϫ tissue thickness) and summed for each rat. Comparing group averages (n ϭ 3Ϫ5 rats/treatment) from microdialyzed animals with, and without, HS by one-way ANOVA, and the Tukey t-test defined an osmotic activation of magnocellular neurons.
a P Ͻ 0.01 vs. all other groups. targets during the innate immune response to dialysis of acidic perfusion fluid.
This pattern of glial activation and inflammation resulting from dialysis is strikingly similar to the innate immune response in the brain produced by IL-1␤ administered into the cerebroventricular system, i.e., affecting preferentially the ependyma, periventricular hypothalamic tissue, cerebrovascular system (and meninges), with activation of microglia and induction of c-Fos in the magnocellular nuclei, IL-1␤ in infiltrating leukocytes (and possibly microglia), and COX-2 (and IL-1R) in vascular endothelial cells (14, 86) . Since a nearly identical immune profile as this occurred after microdialysis-induced acidosis, it is proposed that cytokine released from activated microglia reached ventricular CSF as observed previously (121), possibly enhanced by the guide cannula's penetration of the lateral cerebroventricle. From there, IL-1␤ distributes with CSF flow throughout the ventricular system to subarachnoid spaces, enters perivascular spaces then diffuses more slowly into the brain parenchyma (60, 85) . Interactions of cytokine with IL-1Rs in route would explain the observed enhanced expression of IL-1␤ in microglia of the parenchyma (64, 113) , induction of IL-1Rs and COX-2 in vascular and perivascular areas (14) , and the more brainwide microglial activation (86) with c-Fos induction in magnocellular neurons, as occurs after intracerebroventricular injection of the cytokine (60, 75).
Osmotic Stimulation Inhibits Glial and PerivascularVascular Inflammatory Responses to Microdialysis
Peripheral osmotic stimulation with HS dampened the brain's innate immune response to dialysis of acidic perfusion fluid in the SON area. Inhibition of microglial (and macrophage) activation may result from shrinkage of cellular volume mediated by hypertonic NaCl itself (58), or indirectly via neuroendocrine or neural responses to the stimulus (10). Following absorption from the subcutaneous site, HS elevated plasma tonicity and by this means stimulates directly both magnocellular neurons (77) and osmosensitive forebrain reflexes affecting behavioral, autonomic and neuroendocrine responses to restore salt-water balance (9) . When superimposed upon conditions of microdialysis, this osmotic stimulus activates further magnocellular and parvocellular neuroendocrine systems, while, as shown previously, enhances release of IL-1␤ (106) and neurohypophyseal hormones centrally in the SON area, as well as peripherally into the bloodstream (73) (Fig. 7) . It is proposed that HS-induced changes in osmosensitive stretch-inhibited nonselective cationic currents (77) with afferent activation from recruited neurons (c-Fos ϩ ) in the SFO and other osmosensitive forebrain structures (Fig. 3) (9, 97) increased the number of magnocellular neurons expressing c-Fos in the SON of dialyzed animals (Table 1; Fig. 3) , as also has been observed after intravenous, intraperitoneal, or intra- (2) . Data represent an average from all animals that were unoperated (Control) or had a guide cannula with probe inserted (Probe) and microdialyzed ( 2 l/min) continuously in the SON area (MD) with, or without, subcutaneous injection (15 ml/kg body weight) of hypertonic saline (HS; 1.5 M NaCl), as described in Fig. 1 . Representative immunohistochemical data from these animals are presented in Figs. 3-6 with quantitative analysis of c-Fos expression summarized in Table 1. cerebroventricular administration of HS (21, 66, 76, 97) . The expected hormone release from terminals of magnocellular neurons in the pituitary resulted in elevated plasma levels of oxytocin and vasopressin correspondent with the prolonged rise in plasma osmolality, indicative of a role in restoring salt-water balance (9, 114) .
Although injection of HS is a classic method to elevate plasma osmolality and study mechanisms for regulating fluid balance, peripheral neural and immune systems are also activated by local inflammation and pain at the site of administration (49, 66, 89, 122) . This likely explains the elevation in circulating levels of IL-1␤, a cytokine response also associated with acute inflammation from formalin injected intramuscularly (79) . Cross talk from circulating cytokine could additionally activate osmosensitive forebrain structures and the magnocellular and parvocellular neuroendocrine systems (5, 32, 62) , an interaction with osmotic stimulation that is not well understood (9) . Of certainty, however, stimulation of the parvocellular neuroendocrine system and HPA axis by HS releases corticosterone, a very powerful immune suppressor capable of attenuating the innate immune response (72) .
Thus, although the actions of IL-1␤ appear amplified within the central nervous system both after microdialysis-induced acidosis (i.e., activated microglia release cytokine) and HS (i.e., neural-dependent cytokine release in the SON area) (106) , there was inhibition, rather than enhancement (or additivity) of the innate immune response when these stimuli were combined. Specifically, activation of microglia in the parenchyma and around cerebral blood vessels in magnocellular nuclei and the ependyma was reversed, or prevented, in a majority of dialyzed animals given HS. In contrast, in these same rats induction of c-Fos after osmotic stimulation was enhanced (possibly additive) in magnocellular and parvocellular neurons (SON, PVN) and osmosensitive lamina terminalis structures (SFO, MePO), while being unaffected in ependymal cells, where expression of this immediate early gene associates with injury (31, 120) . Attenuation of the brain's innate immune response by HS, thereby, is proposed to involve a direct or independent influence of hypertonicity, a site of inhibitory action presumably distal to its stimulation of the neuroendocrine systems (e.g., glucocorticoid suppression, dendritic release of magnocellular neuropeptides, and cytokines that are neuroprotective), and nutritive actions (74, 87) with differing functional and regulatory mechanisms for IL-1␤ released by a neural-dependent mechanism in the SON area (i.e., stimulated by HS) vs. for cytokine secreted from activated microglia associated with acidotic injury and microdialysis.
Hypotheses to Explain Attenuation of the Brain's Innate Immune Response by Osmotic Stimulation
On the basis of these collective findings, HS attenuation of the innate immune response to dialysis of acidic perfusion fluid in the SON area could involve 1) direct hypertonic inhibition of immune cell function, 2) activation of the HPA axis with release of glucocorticoids, 3) physiological or cellular antagonism from combined osmotic stimulation and IL-1␤ activation of common neural substrates, 4) inhibition by centrally released IL-1ra, and 5) Inhibition mediated by IL-1␤, oxytocin and vasopressin released from the magnocellular system. Conscious unoperated rats were injected subcutaneously with hypertonic saline (1.5 M NaCl; 15 ml/kg; HS) and decapitated 15Ј , 30Ј , 60Ј or 120Ј later. Control rats were handled but not injected then killed at similar times as those given HS. IL-1␤ in plasma was quantified by ELISA. OT and VP were extracted from plasma and quantified by radioimmunoassay. Log-transformed data were analyzed by one-way ANOVA and Tukey t-test (OT and VP) or Fisher's least significant difference test (IL-1␤) to determine differences (P Ͻ 0.05) among treatment groups. Direct hypertonic inhibition of immune cell function. Although our findings are original for this animal model, HS has been shown to suppress the immune or inflammatory response of isolated macrophages (58), and to effectively resuscitate patients with traumatic hemorrhagic shock by providing a more balanced inflammatory response (90) coincident with suppressing the innate immune response of circulating immune cells (12, 43) . Cellular volume regulation associated with HS-induced shrinkage alters proteins and causes suppression of neutrophil function (98) , modulating innate immunity in a model of systemic inflammation (103) . Although cytokine synthesis is reduced by hypertonicity in some, but not all clinical and animal studies (58) , direct testing of the brain's innate immune response to microdialysis-induced acidosis requires further evaluation. To our knowledge, HS has not been shown to inhibit activation of microglia, or to alter the brain's innate immune response stimulated by endotoxin or another mechanism.
Activation of the HPA axis with release of glucocorticoids. Components of the HS stimulus (i.e., hypertonicity and inflammation at the injection site), and its elevated circulating IL-1␤ could combine to activate parvocellular neurons and the HPA axis (97, 119) . This neuroendocrine stimulation occurs by local mechanisms (37) and by afferent reflexes from osmosensitive neurons (9) and target cells for IL-1␤ in lamina terminalis structures of the forebrain (27, 32, 61, 66) activated by the acute stress and pain, or inflammation, of HS injection like occurs after subcutaneous formalin (79) . The resulting release of ACTH and elevation in circulating corticosterone would exert powerful immunosuppressive and anti-inflammatory actions (20, 104) and also attenuate microglial activation (72) , explaining the HS dampening of the brain's innate immune response to microdialyzed acidic perfusion fluid in the SON area.
Physiological or cellular antagonism from combined osmotic stimulation and IL-1␤ activation of common neural substrates. Physiological inhibition of microglial responses to dialysis-induced injury is possible from antagonistic interactions of IL-1␤ and hyperosmolality on common neural substrates in the forebrain lamina terminalis, circumventricular organs and neuroendocrine systems. Both cytokine and HS activate magnocellular neurons directly (16, 38, 77) and indirectly via the same forebrain osmosensitive lamina terminalis structures (27, 62) , while also stimulating parvocellular neurons (37, 97) in the PVN necessary for glucocorticoid secretion. It remains to be clarified, however, if the same afferent osmoexcitatory pathways innervating the SON and PVN from the forebrain are coactivated, or possibly inhibited, by IL-1␤, e.g., the glutamatergic pathway from the OVLT involved in HS stimulation (11) . Direct actions on magnocellular neurons are also interactive since both IL-1␤ (27, 38) and HS (77), enhance stretch-inhibited nonselective cationic currents underlying osmoreception. Different receptors and signal transduction pathways mediate these responses with an autocrine action of IL-1␤ requiring PGE 2 synthesis and EP 4 receptors (16) compared with hypertonicity-induced membrane depolarization dependent on the transient receptor potential vanilloid1 gene (9) . Despite these differences, intracellular signaling pathways for both receptors may converge for cellular antagonism of the innate immune response by HS, e.g., on mitogen activated kinases, affecting the cAMP-response element binding protein to enhance c-fos expression (62, 102) .
Inhibition by centrally released IL-1ra. The dialysis-induced brain's innate immune response dependent on IL-1␤ from activated microglia (45) or circulating in the blood stream (74) after HS would be inhibited by its IL-1ra (1, 42, 55) . On the basis of the need for effective and timely regulation of the inflammatory action of IL-1␤ within the central nervous system (CNS), IL-1ra in magnocellular neurons (29) locally near the probe and from activated microglia themselves (34) is expected to dampen the immune response after HS. It is proposed that increased circulating IL-1␤ (Fig. 7) combined with subcutaneous inflammation caused by HS (49, 66, 89, 122) released leptin (35) , an immune-regulating hormone that induces IL-1ra expression in the hypothalamus (47) and enhances secretion of antagonist (and IL-1␤) from activated microglia (82) , making it a putative mediator of the attenuated immune response observed following osmotic stimulation.
Inhibition mediated by IL-1␤, oxytocin and vasopressin released from the magnocellular system. Corresponding with modulating functional aspects of the peripheral immune system (43, 58) , HS stimulates osmosensitive cells in the lamina terminals that activate magnocellular neurons (46, 88) to corelease IL-1␤ with vasopressin and oxytocin from their dendrites in the SON area (68, 106) and peripherally into the bloodstream (73), as after salt loading (105, 118) . Since these responses also occur after brain injury (50), IL-1␤ released centrally in response to HS is expected to enhance production of ciliary neurotrophic factor (45) locally in astrocytes of the SON (116), possibly via IL-6 secreted from magnocellular neurons (40) , to nurture and protect neurons from the effects of the acidic perfusion fluid dialyzed (92) . Additionally, reaching other target sites, IL-1␤ attenuates the peripheral cellular immune response (107) and, directly or via release of neurotropic factors (74) , induces SOCS at target sites in the CNS (54) . Neurohypophyseal hormones released from the dendrites of magnocellular neurons can also be protective by emulating the pharmacology of anti-inflammatory antipyretic analgesic drugs. For example, vasopressin has anti-inflammatory (19, 109) , anti-pyretic (84) and analgesic (4, 115) actions in the CNS, whereas oxytocin compensates for stress (110) , is anxiolytic (111), anti-inflammatory (81) , an inhibitor of neutrophil infiltration during sepsis, and an attenuator of cytokine and neuroendocrine responses to endotoxin in men (24) .
Perspectives and Significance
Our findings demonstrate the first in vivo evidence for microglial activation of the innate immune response within the CNS initiated by microdialyzing an acidic sterile perfusion fluid in the SON area; a response diminished, or prevented, by acute peripheral osmotic stimulation. This osmotic protection may involve activation of the magnocellular neuroendocrine system with release of neuropeptides and cytokines centrally behind the blood brain barrier that are protective. Having their terminals outside the blood-brain barrier and exposed to circulating pathogens and toxins, magnocellular neurons are positioned to be sentinel monitors and first defenders, modulating the innate immune response and protecting the CNS from injury. A more complete understanding of the neural networks and molecular and cellular changes involved could enhance recovery of patients after traumatic brain injury in which acidosis leads to neuronal death (23, 100) , with an elevated lactate/pyruvate ratio in microdialysates predictive of a less favorable outcome (70) . Identifying a mechanism and site of osmotic protection will likewise benefit trauma patients, particularly those with hemorrhagic shock, in which HS provides a more balanced inflammatory response and may attenuate life-threatening multiorgan dysfunction (90) .
